A single-walled carbon nanotube field-effect transistor has been fabricated with two single-walled carbon nanotube bundles as its top gates and a heavily doped p-type silicon substrate as its global back gate. The channel conductance is found to oscillate significantly as a function of the top-and back-gate voltages when the device is measured at 100 K or below. "Diamond"-shaped current forbidden regions can be clearly observed under both positive and negative top-gate voltages. A single-electron transistor model is proposed to qualitatively explain the observations. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3065067͔
Due to the one dimensionality of carbon nanotubes ͑CNTs͒, considerable efforts have been focused on CNTbased quantum dots ͑QDs͒, which form a platform for the investigation of single-electron/hole charging with the Coulomb blockade effect. The Coulomb blockade effect has been typically studied in a CNT-QD fabricated using various techniques. For example, one can define a CNT-QD with a pair of metal electrodes using lithography, 1-4 V 2 O 5 nanowire as the mask, 5 or shadow electron-beam evaporation. [6] [7] [8] Alternatively, one can confine a CNT-QD with the electrical field induced by a pair of metal top gates patterned by electronbeam lithography. 9, 10 In the latter type of CNT-QD, the width of the metal top gate, which is critical for determining the tunneling barriers and coupling between CNT-QDs, is limited by the resolution of the lithography techniques. Thanks to the small diameter and large aspect ratio, metallic CNT is a promising material to be used as the top-gate electrode. [11] [12] [13] However, only a few papers have reported on CNT as the gate electrode because of the difficulties of manipulating this nanoscale material. Wang et al. 13 demonstrated resonant tunneling in modulation doped GaAs/AlGaAs heterostructure gated by a pair of multiwalled CNTs ͑MWNTs͒. A pair of potential barriers tuned by the MWNT-gates was formed in the two-dimensional electron gas ͑2DEG͒ confined at the heterointerface and Coulomb oscillations were observed at 4.2 K. However, it would be more interesting to use one-dimensional ͑1D͒ semiconducting single-walled CNT ͑SWNT͒ instead of 2DEG as the current channel. In this paper, we report semiconducting SWNT-QDs that are constructed using metallic SWNT bundles as the local top-gate electrodes. On one hand, as a 1D metal, SWNT acts as a nanoscale electrode. On the other hand, as a 1D current channel, SWNT imposes 1D confinement on the electronic carriers in it.
SWNT field-effect transistors ͑FETs͒ with two SWNT top gates and a p ++ Si back gate were fabricated. Figure 1 shows the AFM images of a double-SWNT-gated CNTFET, and the inset is the cross-section schematic of the device. ac dielectrophoresis ͑ACDEP͒ technique 14, 15 was used to place the SWNT-channel across the source ͑S͒ and drain ͑D͒ electrodes, which were fabricated on heavily doped Si substrate capped by a 0.5-m-thick thermally grown SiO 2 layer. After the metallic SWNTs in the channel were removed by an electric breakdown process, 16 a thin Si 3 N 4 ͑ϳ30 nm͒ layer was deposited on the device to serve as the top-gate dielectric.
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A pair of electrode pads G and GЈ was prepared so that the SWNT-channel was situated between them. Two thin SWNT bundles as the top-gate electrodes were then bridged across G and GЈ using ACDEP technique. The conductance of the SWNT-gates showed no back-gate voltage dependence, indicating that the SWNT-gate electrodes are metallic. Figure 2͑a͒ shows the transfer characteristics ͑channel current I DS versus the global back-gate voltage V GBG ͒ at 25 K and the SWNT-gate voltage V TG = + 2 V. The I DS oscillations are repeatable at different V DS ranging from 10 to 100 mV. Figure 2͑b͒ presents the contour plot of log͉I DS ͉ in the V GBG -V DS plane. 18 The temperature dependence of the current oscillation is shown in Fig. 2͑c͒ . The oscillation peaks become broader with increasing temperature and vanish above 100 K. Figure 2͑d͒ depicts the contour lines of log͉I DS ͉ in the V GBG -V DS plane at V TG =−2 V.
Single-electron/hole charging with the Coulomb blockade effect in a single-electron/hole transistor ͑SET/SHT͒ could be responsible for these observations. A SWNT-QD ͓between L and R in Fig. 1͑b͔͒ in the SWNT-channel is confined by the local potential V L and V R . 13 Hence, a SET/SHT ͓see the inset of Fig. 2͑c͒ for the equivalent circuit that consists of a QD capacitively coupled to the source, drain, and gate electrodes 19 ͔ is formed with the SWNT-segment between L and R as the QD. The left and right portions of the SWNT-channel function as the "reservoirs." 20 Electron tunneling is allowed once a discrete energy level of the QD lies within the energy window eV ds , where V ds is the voltage drop across the SET ͓see the left inset of Fig. 1͑b͒ for V GBG =0 as an example͔. In contrast, when a more negative V GBG ͑Ͻ0͒ is applied to the back gate, the discrete energy levels in the QD can be lifted above the Fermi level. As a result, none of the energy levels falls into the eV ds energy window; electron tunneling is blocked ͓see the right inset of Fig. 1͑b͔͒ . Similar interpretation is applicable to positive V GBG in case of hole conduction. It is noted that V ds is only a small portion of V DS as there are large Schottky barriers at S and D contacts, across which the large portion of V DS drops. As V DS is ina͒ Author to whom correspondence should be addressed. creased, V ds increases as well so that more discrete energy levels lie within the eV ds energy window, resulting in the broadening of the Coulomb oscillation peaks. In addition, as temperature increases, the thermal energy ͑k B T, where k B is Boltzmann constant͒ becomes comparable to or even greater than the charging energy ͑e 2 / C ͚ , where C ͚ is the total capacitance of the QD͒, 5 leading to the vanishing of the Coulomb oscillations.
The energy band schematics at V TG = + 2 V is shown in Fig. 3͑a͒ . The potential at locations L and R is determined by both V TG and V GBG . However, it is noted that the top-gate coupling is much stronger than that of the back gate due to the much thinner gate dielectric layer in comparison with that of the back gate. Thus, the energy bands at locations L and R are mainly determined by V TG , while the energy bands elsewhere in the channel depend solely on V GBG . At a negative V GBG , the energy bands shift upward, but the electrostatic potentials at L and R are higher ͑for hole͒ than elsewhere in the channel due to V TG = + 2 V. Thus, holes feel the potential barriers and single-hole charging may appear. When a large negative V GBG ͑ᮀ͒ is applied, the density of energetic holes in the channel is very high because the contact barriers for hole tunneling are transparent. Thus, the single-hole charging effect could be smeared out by the large number of energetic holes overcoming the local barriers Fig. 3͑a͒ ͑i͔͒. In contrast, at a small negative V GBG ͑᭝͒, the contact barriers are less transparent and the density of energetic holes in the channel decreases significantly.
Thus, single-hole tunneling through the barriers dominates the channel current ͓I h Ӷ I h Ј in Fig. 3͑a͒ ͑ii͔͒. One can see that the Coulomb "diamonds" in Fig. 2͑b͒ correspond with the oscillations in Fig. 2͑a͒ .
Assuming that a single hole is involved in each tunneling event, we can estimate the coupling capacitances from the Coulomb diamonds in Fig. 2͑b͒ . With an average gate modulation period ⌬V G Ϸ 1.5 V, the gate capacitance of the SWNT-QD is obtained as C G = e / ⌬V G Ϸ 0.1 aF. From the slopes of the boundary lines of the Coulomb diamonds, the left and right capacitance could be estimated as C L Ϸ 1.2 aF and C R Ϸ 0.8 aF, 21 respectively. The total capacitance can be determined by
is noted that C L and C R contain the effects of S and D contacts, respectively. Thus, the calculated C ͚ is an effective capacitance. As the SWNT-channel is capacitively coupled to the metal electrodes, 22 resulting in the contact capacitors connected in series with the local barrier capacitors. Therefore, C ͚ is affected by both the local barriers and the S/D contacts. One can see that the significant Coulomb blockade is caused by the large charging energy E C = e 2 / C ͚ Ϸ 76 meV ͑ӷk B T at 25 K͒.
We come now to examine how the Coulomb blockade characteristics are modulated by V TG . The observed Coulomb diamonds at V TG = −2 V are shown in Fig. 2͑d͒ . In comparison with Fig. 2͑b͒ for V TG = + 2 V, one can find two apparent trends of the Coulomb blockade characteristics: ͑1͒ the Coulomb diamonds of hole blockade are suppressed and those of FIG. 1 . ͑Color online͒ ͑a͒ AFM image of a double-SWNT-gated CNTFET. The scale bar is 1 m. Inset: the cross-sectional schematic of the device configuration. S, D, and GBG represent the source, drain, and global back-gate electrodes, respectively. ͑b͒ Enlarged view of the area in the dotted square in Fig. 1͑a͒ . L and R mark the crosspoints between the SWNT-channel and the left and right SWNT-gates, respectively. Inset: energy band diagrams for the cases of V GBG =0 V ͑left͒ and V GBG Ͻ 0 V ͑right͒.
FIG. 2.
͑Color online͒ ͑a͒ I DS -V GBG curves at 25 K and V TG = + 2 V with V DS ranging from 10 to 100 mV in steps of 10 mV, respectively. ͑b͒ Contour lines of log͉I DS ͉ in the V DS -V GBG plane at V TG = +2 V. ͑c͒ I DS -V GBG curves with V DS = + 30 mV and V TG = + 2 V at 40, 60, 75, and 100 K, respectively. Inset: the equivalent circuit of a SET. C L and C R represent the tunneling capacitances at L and R, respectively. C G is the capacitance between the CNT-QD and the global back gate. ͑d͒ Contour lines of log͉I DS ͉ in the V DS -V GBG plane of V TG =−2 V. electron blockade are enhanced and ͑2͒ the shapes of the Coulomb diamonds change at different V GBG . The roles of V GBG are ͑1͒ to manipulate the energy levels in the SWNT-QD and ͑2͒ to control the energy bands over the entire channel. For example, as shown in Fig. 3͑b͒ , the dashed and solid lines correspond to points A and B in Fig. 2͑d͒ , respectively. When V GBG increases positively, the energy band shifts downward so that the Fermi level is close to the conduction band. Consequently, more electrons can overcome the local barriers. This modulation results in a change in tunneling capacitances and resistances of local barriers and then causes the variation in the heights and boundary slopes of the Coulomb diamonds. The other notable feature is that some Coulomb diamonds ͓see those labeled from "1" to "3" in Fig. 2͑d͔͒ are asymmetric with respect to V DS =0. This might be caused by the asymmetric tunneling barriers induced by the different physical dimensions of the two SWNT top gates as shown in Fig. 1͑b͒ . Besides the major Coulomb diamonds discussed above, it is noted that there are small diamonds in Figs. 2͑b͒ and 2͑d͒. The origin of these small diamonds could result from the fact that the SWNT-segments between the top gates and the S/D electrode could function as QDs at low temperatures. This suggestion is consistent with the observations of Lee et al., 12 where the SWNT-channel is broken into double QDs connected in series by the potential barrier induced by a top gate. In our case, the channel is likely to be effectively broken into three QDs connected in series. As discussed above, V GBG can change the tunneling barrier, and thus the charging energies of these QDs may vary at different V GBG and V TG . Therefore, the appearance of a QD depending on its charging energy may change in different V GBG ranges. 23 Nevertheless, the charging energy of the middle QD between the two SWNT top gates could be much larger than those of the other QDs since the SWNT-segment between L and R is much shorter than that between S͑D͒ and L͑R͒. Thus, the middle QD dominates the channel conductance, while the other QDs could affect the period and shape of the Coulomb diamonds, resulting in the uneven oscillation period and nonuniform diamond.
In conclusion, a dual-gate CNTFET, with a pair of metallic SWNT bundles as the top gates and a heavily doped silicon substrate as its back gate, has been studied systematically. Through adjusting the electrostatic potential of the channel by tuning the back gate and SWNT top gate voltages, single-electron and -hole charging with the Coulomb blockade effect are clearly observed at 100 K or below. The features of the observed Coulomb diamonds, such as their positions, heights, and widths, are modulated by the voltages applied to the SWNT top gates and the back gate. 
